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Caudal ﬁnUnlike humans, some vertebrate animals are able to completely regenerate damaged appendages and other
organs. For example, adult zebraﬁsh will regenerate the complex structure of an amputated caudal ﬁn to a
degree that the original and replacement ﬁns are indistinguishable. The blastema, a mass of cells that unique-
ly forms following appendage amputation in regenerating animals, is the major source of regenerated tissue.
However, the cell lineage(s) that contribute to the blastema and their ultimate contribution(s) to the regen-
erated ﬁn have not been deﬁnitively characterized. It has been suggested that cells near the amputation site
dedifferentiate forming multipotent progenitors that populate the blastema and then give rise to multiple
cell types of the regenerated ﬁn. Other studies propose that blastema cells are non-uniform populations
that remain restricted in their potential to contribute to different cell lineages. We tested these models by
using inducible Cre-lox technology to generate adult zebraﬁsh with distinct, isolated groups of genetically la-
beled cells within the caudal ﬁn. We then tracked populations of several cell types over the entire course of
ﬁn regeneration in individual animals. We found no evidence for the existence of multipotent progenitors.
Instead, multiple cell types, including epidermal cells, intra-ray ﬁbroblasts, and osteoblasts, contribute to
the newly regenerated tissue while remaining highly restricted with respect to their developmental identity.
Our studies further demonstrate that the regenerating ﬁn consists of many repeating blastema “units” dedi-
cated to each ﬁn ray. These blastemas each have an organized structure of lineage restricted, dedifferentiated
cells that cooperate to regenerate the caudal ﬁn.
© 2012 Elsevier Inc. All rights reserved.Introduction
Most mammalian organs, including those of humans, respond to
severe tissue damage by the formation of scar tissue. In contrast,
other vertebrates, such as salamanders and zebraﬁsh, possess the in-
credible innate ability to fully regenerate damaged or lost body parts.
This process, termed epimorphic regeneration, forms a near perfect
and fully functional copy of the lost organ (Brockes and Kumar,
2008; Nacu and Tanaka, 2011; Nye et al., 2003). A common feature
of epimorphic regeneration is the appearance of a population of mes-
enchymal cells at the wound site, termed the blastema. It is thought
that the blastema is a source of progenitor-like cells that divide, dif-
ferentiate, and re-organize into restored tissue. These cells are highly
proliferative and express numerous developmental regulatory genes,
such as growth factors, transcription factors and morphogens
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rights reserved.Details of the formation of a regenerative blastema, the nature of
its constituent cells, and their fate during regeneration are not well
understood (Bryant et al., 2002; Slack, 2006). Early investigations
into the cellular identity of the blastema in the salamander limb sug-
gested that the major components were mesenchymal cells derived
from mixed cell types of the limb stump (Bryant et al., 2002; Hay
and Fischman, 1961; Kintner and Brockes, 1984; Nye et al., 2003).
Dermal ﬁbroblasts (Muneoka et al., 1986) and Schwann cells
(Kintner and Brockes, 1985) have also been proposed as sources of
blastema mesenchymal cells. Studies aimed at deﬁnitively testing
these possibilities have been confounded by the inability to label
speciﬁc cell populations prior to amputation and then track their
fates throughout regeneration.
One preferred model to explain the origin of the blastema is
based on the concept of cell dedifferentiation (Hay and Fischman,
1961; Namenwirth, 1974; Slack, 2006). Here, adult cells lose key fea-
tures of a fully differentiated state, such as being highly organized
into tissues, expressing key functional proteins or subcellular struc-
tures that enable a deﬁned physiological role, and frequently being
cell cycle arrested. For example, non-proliferating, multinucleated
skeletal muscle cells with robust myosin expression would dediffer-
entiate into dividing, mononucleated cells lacking myosin. In the
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cells respond to amputation by transforming into “progenitor” cells
that populate the blastema, proliferate, and then re-differentiate
while becoming organized into a complex organ. Many otherwise si-
lenced developmental regulatory genes are re-expressed in blastema
cells, consistent with this model and leading the blastema to be con-
sidered as “dedifferentiated” (Brockes and Kumar, 2008; Nacu and
Tanaka, 2011; Nye et al., 2003; Schebesta et al., 2006). A recent
study suggests that several cell types of the blastema of the regener-
ating salamander limb maintain a restricted cell fate after dedifferen-
tiating. These restricted cells, in conjunction with multipotent dermal
cells and muscle satellite cells, participate in the regeneration of the
lost tissue (Kragl et al., 2009). Transplantation studies in the regener-
ating tails of tadpoles also support this model (Gargioli and Slack,
2004).
Transdifferentiation, the direct conversion of one differentiated
cell type into another, is an alternative proposed source of cell diver-
siﬁcation during regeneration. The best example is lens regeneration
in the newt. Following lentectomy, differentiated cells of the dorsal
iris begin to proliferate, lose their pigment and then re-differentiate
into transparent lens cells (Slack, 2007; Tsonis et al., 1995). Another
report has proposed ectoderm to mesoderm switching during tail re-
generation in the salamander whereby glia cells contribute to regen-
erated muscle and cartilage (Echeverri and Tanaka, 2002).
The zebraﬁsh exhibits an outstanding ability to regenerate ﬁns,
heart ventricle and spinal cord (Akimenko et al., 2003; Poss et al.,
2003). The caudal ﬁn is a favored model of regeneration since it is
easy to amputate, is not required for viability, regenerates all parts
of its anatomy, and completely regenerates in a short time frame
(2 weeks). The zebraﬁsh caudal ﬁn is composed of bony ray seg-
ments, known as lepidotrichia that are joined together by ligaments
(Mari-Beffa and Murciano, 2010; Mari-Beffa et al., 2007). These rays
form by direct mineralization coordinated by osteoblasts, specialized
cells that deposit bone matrix (Karsenty et al., 2009). Osteoblasts de-
velop through a tightly regulated, hierarchical process deﬁned by the
expression of runx2 and sp7 (osterix; osx), in early and intermediate
stages, respectively (Brown et al., 2009; Karsenty et al., 2009). An in-
dividual ray is composed of two separate hemirays, each containing
blood vessels, nerves, intra-ray ﬁbroblasts, and osteoblasts, all of
which are surrounded by an epidermis. This epidermis is composed
of three layers of cells: superﬁcial, intermediate, and basal. During
the course of life, superﬁcial epidermal cells appear to be replaced
by intermediate layer cells, which are capable of robust proliferation
(Le Guellec et al., 2004). In contrast, basal layer cells function to at-
tach the epidermis to the basement membrane (Le Guellec et al.,
2004). All of the ﬁn cell types are restored in a pattern identical to
that of the original ﬁn following regeneration.
When amputated, the caudal ﬁn responds by rapidly sealing the
wound with migrating epidermal cells, forming what is known as a
wound epidermis or wound epithelia. Approximately 1 day post am-
putation (dpa), a blastema forms beneath the wound epidermis. By
2 dpa, outgrowth is seen in cells of the blastema and it is thought
that proximal blastema cells differentiate to form lost tissue. This pro-
cess of outgrowth and re-differentiation continues until the tissue is
completely restored in approximately 2 weeks (Akimenko et al.,
2003; Poss et al., 2003). Much remains to be learned on what cell
types contribute to the blastema and whether they are equivalent,
multipotent cells or are a mixed population of cells restricted within
a given cell lineage. Insight into blastema composition and function
may ultimately allow experimental generation of a blastema in a
mammalian model of limb regeneration.
Recently, several studies have addressed the nature of blastema
cell identity and cell lineage relationships in the regenerating zebra-
ﬁsh caudal ﬁn (Knopf et al., 2011; Sousa et al., 2011; Tu and
Johnson, 2011). Knopf and colleagues observed osteoblast dedifferen-
tiation and lineage restriction during regeneration in the ﬁn. Theydemonstrated that, after ﬁn amputation, osteoblasts in the ﬁn down-
regulate genes associated with a mature osteoblast phenotype while
concomitantly expressing genes associated with immature osteoblasts.
By tracking single cells during early stages of ﬁn regeneration, they sug-
gest that osteoblasts in the ﬁn dedifferentiate to lineage-restricted pro-
genitors and do not cross lineage boundaries during regeneration
(Knopf et al., 2011). Tu and Johnson used a transposable element-
based technique to randomly label cells during development and dem-
onstrated that the caudal ﬁn is composed of nine distinct cell lineages of
cells. After ﬁn amputation, none of these lineages gives rise to any other
cell lineages (Tu and Johnson, 2011). Sousa and colleagues also exam-
ined osteoblasts during ﬁn regeneration, demonstrating that osteo-
blasts become proliferative and undergo changes in marker gene
expression consistent with the dedifferentiation model. Further, they
showed that genetically labeled osteoblasts only give rise to additional
osteoblasts after amputation, suggesting that osteoblasts remain line-
age restricted (Sousa et al., 2011). As a whole, these reports did not un-
cover multipotent progenitors, consistent with the idea that cells in the
regeneratingﬁn are largely unipotent. However, the extent towhich the
progeny of such dedifferentiated cells actually contribute to fully regen-
erated ﬁn remains to be determined.
We used Cre-lox technology in developing zebraﬁsh to permanently
label cells whose progeny would become various tissues of the adult
caudal ﬁn. This allowed us to follow speciﬁc populations of cells over
the entire course of ﬁn regeneration in individual animals. By monitor-
ing several cell lineages, we did not observe any cells exhibiting multi-
potency. Rather, we found that cell fates were highly restricted with
respect to both spatial and developmental identities during the entire
course of regeneration. Our results demonstrate that the fully regener-
ated ﬁn is indeed the product of lineage-restricted progenitors derived
from preexisting differentiated cells that then contribute to the entire
length of the regenerated ﬁn.
Materials and methods
Zebraﬁsh lines and cell labeling
Zebraﬁsh weremaintained according to University of Oregon institu-
tional guidelines. To generate transgenic ﬁsh expressing a Cre-ERT2 fu-
sion protein under the control of the dusp6 promoter, we ﬁrst cloned a
dusp6 promoter fragment sufﬁcient to drive FGF dependent expression
(Molina et al., 2007) into a 5′ element vector compatiblewith the Tol2Kit
system (Kwan et al., 2007). Next, a Cre-ERT2 polyA (Metzger et al., 2005)
cassette was cloned into a middle element vector. Finally, we used Gate-
way LR Clonase II enzyme (Invitrogen, Carlsbad, CA) to recombine the 5E
dusp6 promoter, ME Cre-ERT2, 3E polyA (Kwan et al., 2007) and a modi-
ﬁed Tol2 destination vector containing a cmlc2:ecfp cassette as a marker
for transgenesis. The resulting construct (GW dusp6:Cre-ERT2 polyA)was
co-injectedwith cappedRNA for the Tc transposase into one cell stageAB
embryos (Kawakami, 2007), which were then reared to adulthood.
Founders, known heretofore as Tg(dusp6:Cre-ERT2), were selected by
ECFP expression in cardiac muscle and crossed to the reporter line
Tg(EAB:EGFP-FlEx-mCherry) (Boniface et al., 2009). Embryos from this
cross were treated with 1 μM tamoxifen (Sigma-Aldrich, St. Louis, MO)
starting at 30–50% epiboly until 48 h post fertilization (hpf). Animals
containing mCherry+ cells were selected and grown to adulthood.
These F1 animals were then backcrossed to AB ﬁsh and the progeny
were treated with tamoxifen and selected for robust Cre activity. For
analyses of labeled cell populations, we employed F2 and F3 Tg(dusp6:
Cre-ERT2, EAB:EGFP-FlEx-mCherry) animals. We selected animals with
caudal ﬁns containing labeled cell populations with relatively well
deﬁned boundaries, such as an isolated mCherry+ ﬁn ray. Fish that had
robust labeling throughout the caudal ﬁn were not analyzed further
due to the likelihood that labeled regions of the ﬁn contained multiple
cell types. Tg(sp7:EGFP) animals have been described previously
(DeLaurier et al., 2010).
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Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry) heterozygous animals
with representative populations of mCherry+ cells were selected and
followed for 14 days after ﬁn amputation. At t=0, animals were
anesthetized in Tricaine, and caudal ﬁns were imaged on a Leica
M165FC stereomicroscope with appropriate epiﬂuorescent illumina-
tion. Caudal ﬁns were then amputated with a razor and the animals
returned to circulating ﬁsh water. At each indicated time point, ani-
mals were anesthetized with Tricaine and re-photographed as de-
scribed above.
Immunostaining
For ﬂuorescent immunostaining of ﬁns, Tg(dusp6:Cre-ERT2, EAB:EGFP-
FlEx-mCherry) or Tg(sp7:EGFP) ﬁns were amputated and then re-
amputated 48 h later 2–4 mmproximal to the original site of amputation.
Amputated ﬁns were ﬁxed overnight in 4% PFA/PBS, equilibrated in PBS,
cryo-preserved in 30% sucrose/PBS and frozen in agarose. Frozen sections
(16 μm)were prepared and stored at−20 °C until use. For immunohisto-
chemistry, frozen sectionswere hydrated in PBS+0.1% Tween-20 (PBST).
Sections were blocked in 10% non-fat dry milk in PBST+0.1% Triton X-
100 for 1–4 h at room temperature. Primary antibodies were diluted in
10% milk in PBST and incubated overnight, followed by 3×5′ washes in
PBST. For anti-dsRed and anti-PCNA antibody staining, slides were sub-
jected to antigen retrieval for 10′ in a pressure cooker using Dako antigen
retrieval buffer (Dako North America, Carpinteria, CA), and then pro-
cessed as above. The anti-dsRed antibody speciﬁcally detected cells in
the ﬁn expressing mCherry (Figs. S1A–D). Alexa-conjugated secondary
antibodies (Invitrogen) were used at 1:1000–1:5000 diluted in 10%
non-fat dry milk in PBST and applied to sections for 1 h at room temper-
ature, followed by 3×5′washes. Nuclei were stained with Hoechst (Invi-
trogen) in PBST for 10′ at room temperature followed by 2×5′ washes.
Slides were mounted using Vectashield (Vector Labs) and immediately
visualized with an Olympus confocal microscope. For confocal imaging,
sections were typically analyzed at 20× magniﬁcation with 3× digital
zoom. Optical sections, typically 4 μm thick, were collected and processed
using ImageJ software (NIH) with maximum intensity projections
generated from z-stacks. Antibodies were sourced and diluted as follows:
Anti-tenascin C (United States Biologicals, Salem, MA) 1:400, anti-dsRed
(Clontech, Mountain View, CA) 1:500, zns-5 (Zebraﬁsh International
Resource Center (ZIRC), Eugene, OR) 1:200, zn-3 (ZIRC) 1:200, anti-
PCNA (Sigma-Aldrich) 1:5000, anti-p63 clone 4A4 (Santa Cruz Biotech-
nology, Santa Cruz, CA) 1:500.
Analysis of cell proliferation
To quantify cell proliferation in regenerating and non-regenerating
tissue in ﬁns, we performed immunohistochemistry on frozen sec-
tions of 2 dpa ﬁns from four animals with anti-PCNA and anti-
tenascin C antibodies, as described above. We used ImageJ software
to count the number of PCNA+ and total nuclei in three regions of
the imaged ﬁn sections. At least three sections were scored and the
average percent PCNA+ nuclei in the three regions determined for
each animal.
Results
A Cre/lox approach labels cells in the zebraﬁsh caudal ﬁn
We developed a method that would sporadically and permanently
label varied cell populations in the adult caudal ﬁn. We hypothesized
that limited genetic labeling of ﬁn tissue progenitors as they were
speciﬁed during embryogenesis would produce adult ﬁns containing
different sub-populations of labeled cells. The dusp6 gene encodes a
protein phosphatase that is expressed in developing ﬁns (Kawakamiet al., 2003; Tsang et al., 2004) and both the distal blastema and
wound epidermis during ﬁn regeneration (Lee et al., 2005). dusp6 ex-
pression in these settings is regulated primarily by ﬁbroblast growth
factor (FGF) signaling (Kawakami et al., 2003; Molina et al., 2007,
2009), which itself is essential for ﬁn development and regeneration
(Kawakami et al., 2003; Lee et al., 2005, 2009; Whitehead et al., 2005).
This led us to speculate that the dusp6 promoter could be used in com-
bination with Cre recombinase to selectively and irreversibly label indi-
vidual cells receiving FGF signals during ﬁn development, allowing their
descendants to be identiﬁable in adult ﬁns. To accomplish this, we gen-
erated a transgenic line, Tg(dusp6:Cre-ERT2), which expresses Cre
recombinase fused to the estrogen receptor (Cre-ERT2) (Metzger et al.,
2005) under the control of the FGF-responsive regulatory element
from the dusp6 gene (Molina et al., 2007). Recombination activity of
the Cre-ERT2 fusion protein requires tamoxifen (Metzger et al., 2005).
Therefore the Tg(dusp6:Cre-ERT2) transgenic line provides a means to
label cells receiving FGF signals in vivo.
We tested the Tg(dusp6:Cre-ERT2) line by crossing it to the Cre-
sensitive reporter line, Tg(EAB:EGFP-FlEx-mCherry) (Boniface et al.,
2009). Tg(EAB:EGFP-FlEx-mCherry) expresses EGFP robustly and ubiqui-
tously (Boniface et al., 2009). Such EGFP expression is permanently con-
verted to mCherry expression upon Cre-driven genetic recombination
(Fig. 1A). We treated the embryos from a Tg(dusp6:Cre-ERT2)×Tg(EAB:
EGFP-FlEx-mCherry) cross with a low dose of tamoxifen for 48 h
beginning at 30% epiboly. These tamoxifen treated animals exhibited
expression of mCherry in several tissues, including the pectoral ﬁn
(Figs. 1B, C), which is consistent with reports using in situ hybridization
to visualize dusp6 transcripts (Kawakami et al., 2003; Lee et al., 2009;
Molina et al., 2007).
We examined the Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry) an-
imals 1–2 months later, without any additional tamoxifen treatment,
and found that many of them exhibited mosaic patterns of mCherry+
cells in an otherwise ﬁeld of EGFP+ cells (Figs. 1F–I*). Since some ﬁns
contained mosaic regions spanning the entire length of the ﬁn and in
single ﬁn rays, we reasoned that such cells likely were derived from
the same lineage. With the ultimate goal of using these animals for
ﬁn regeneration studies, we sought to characterize and identify the
labeled cell populations. We ﬁrst selected ﬁsh with caudal ﬁns con-
taining relatively isolated mCherry+ cell populations with well-
deﬁned boundaries of EGFP+ cells. We chose animals that displayed
low degrees of mCherry+ mosaicism to simplify data interpretation
and to minimize confusion arising from having multiple labeled cell
types in overlapping regions of the ﬁn. We failed to observe any
mCherry expression without adding tamoxifen, indicating that any
mCherry+ cells in adults were derived from cells labeled by
tamoxifen-dependent genetic recombination events occurring
months earlier during embryonic development.
We found that the populations of mCherry+ cells in these mosaic
ﬁns fell into four distinguishable, distinct classes (Figs. 1F–I*) in spite
of the fact that the reporter is capable of expressing EGFP in most, if
not all, cells in the adult caudal ﬁn (Figs. 1D–E). Class 1 cell popula-
tions were observed in 53 out of the 145 mosaic animals we exam-
ined (37%) and were characterized by broad patches of mCherry+
cells that appeared to be conﬁned to the ﬁn surface and exhibited
pronounced cuboidal morphology (Figs. 1F and F*). Based on these
observations, we speculated that Class 1 mosaics were composed of
labeled epidermal cells. To test this, we sectioned and stained the
same ﬁn photographed in Fig. 1F with anti-p63 antibodies. p63 is an
epithelial marker that is speciﬁcally expressed in the zebraﬁsh epi-
dermis (Bakkers et al., 2002). We observed that the mCherry+ cells
in this representative Class 1 mosaic were both p63+ and localized
to all layers of the ﬁn epidermis (Figs. S2A–D). We concluded that
Class 1 mosaics are composed of labeled epidermal cells and are here-
after referred to as such. Also localized to the epidermis, Class 4 mo-
saics (Figs. 1I and I*) were found at the lowest frequency (13 out of
145; 9%) and were readily recognized by a speckled appearance
Fig. 1. A tamoxifen-inducible Cre/lox method for mosaic cell labeling and lineage tracing in the adult zebraﬁsh caudal ﬁn. (A) Embryos carrying both dusp6:Cre-ERT2 and EAB:EGFP-
FlEx-mCherry transgenes are brieﬂy exposed to tamoxifen to sporadically induce rare genetic recombination events that permanently switch those cells and their descendants to
mCherry from EGFP expression. (B, C) Whole mount epiﬂuorescent images of 3 day old Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry) ﬁsh that were treated with tamoxifen
(1 μM) at 30% epiboly for 48 h. Mosaic mCherry+ cells (magenta) are observed in various tissues (B), including pectoral ﬁn mesenchyme (C). The white arrow highlights mCherry+
cells. (D, E) The EAB:EGFP-FlEx-mCherry transgene is expressed in various cell lineages that make up the adult caudal ﬁn. Longitudinal (D) and transverse (E) sections of adult caudal
ﬁns of Tg(EAB:EGFP-FlEx-mCherry) animals. EGFP expressing cells (green) were are stained with Hoechst to visualize nuclei (magenta). (F–I, F*–I*) Tg(dusp6:Cre-ERT2, EAB:EGFP-
FlEx-mCherry) adult animals, treated as above, exhibit spatially restricted mCherry+ mosaics in four distinct classes. The dashed box marked with an asterisk represents the region
shown at higher magniﬁcation in the panels directly below (F*–I*). (F and F*) Class 1 epidermal mosaics. (G and G*) Class 2 ﬁbroblast mosaics. (H and H*) Class 3 osteoblast mosaics.
(I and I*) Class 4 putative macrophage mosaics. In each panel (F-I*), the expression of EGFP (green) and mCherry (magenta) is shown. The top and bottom of each panel correspond
to the distal and proximal regions of the ﬁn, respectively.
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were sparsely distributed in epidermal layers, exhibited a large nucle-
ar:cytoplasmic ratio compared to Class 1 cells (compare Figs. S2A–D
to S6), and did not express the epithelial marker p63 (Fig. S6).
Based on these observations, we concluded that Class 4 mosaics likely
represent labeled cells of a distinct lineage from those in Class 1
mosaics. Consistent with these observations, we noted a substantial
superﬁcial resemblance between mCherry+ Class 4 cells and tissue
macrophages (Tu and Johnson, 2011; Yoshinari et al., 2009). We ten-
tatively refer to the mCherry+ cells in Class 4 mosaic ﬁns as “putative
macrophages”.
Class 2 (Figs. 1G and G*) and Class 3 (Figs. 1H and H*) mosaics
were conﬁned largely to the bony ﬁn ray lepidotrichia, and were
found at roughly the same frequency: 26% and 29%, respectively.
One substantial difference between Class 2 and Class 3 mosaics was
that the latter had a more punctate pattern of mCherry+ cells that
were concentrated at lepidotrichia joints. Since intra-ray ﬁbroblasts
and osteoblasts reside within and adjacent to lepidotrichia, respec-
tively (Akimenko et al., 2003; Mari-Beffa and Murciano, 2010; Poss
et al., 2003), we sectioned the same ﬁns photographed in Figs. 1G
and 1H and stained them with antibodies against osteoblast speciﬁc
proteins. We observed that the Class 3 cells shown in Figs. 1H and H*were positive for the osteoblast marker zns-5 (Johnson and Weston,
1995; Wills et al., 2008 and Figs. S1E–H) and were closely associated
with the ﬁn lepidotrichia (Figs. S2M–P). Unlike Class 3 cells, Class 2 cells
exhibited a spindle-like morphology, were found between the lepidotri-
chia, and were negative for the osteoblast marker zns-5 (Figs. S2I–L).
Class 3 cells were, however, found in close contact with a tenascin-C
rich extracellular matrix (Figs. S2E–H). Based on our results, we conclude
that Class 2 mosaics comprise mCherry+ intra-ray ﬁbroblasts and Class 3
mosaics represent labeled osteoblasts.
In addition to labeled osteoblasts, we reproducibly detected a minor
adjacent mCherry+ cell population in Class 3 mosaics. These cells were
observed in the tissue between adjacent lepidotrichia and therefore
were not intra-ray ﬁbroblasts (Figs. 1H, H* and 6A*–D*, yellow arrows).
Transverse sections revealed that these cells resided in a layer continuous
with labeled osteoblasts but were themselves negative for expression of
osteoblast markers (Fig. S3). Such cells were not identiﬁed in a previous
analysis examining cell types in the ﬁn and may be attributed to differ-
ences inmethodology used to label cells or with the time of labeling itself
(Tu and Johnson, 2011). The presence of these two cell types adjacent to
one another could be attributed to a “mixed mosaic”, or that they are
derived from a common progenitor labeled during development. The
former explanation appears unlikely since we reproducibly observed
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population represented only a small fraction of the ﬁn.Epidermal cells rapidly become motile and contribute only to new
epidermis during ﬁn regeneration
Wecollected a number of zebraﬁsh representing each of the fourmo-
saic classes. We then examined the behavior of each mCherry+ labeled
cell type by amputating ﬁns and periodically imaging them until the
ﬁns were fully regenerated. We hypothesized that if dedifferentiation
was the primary source of replacement cells, the regenerated ﬁn would
contain mCherry+ cells in roughly the same pattern as before amputa-
tion. Further, if cells underwent only limited dedifferentiation to a line-
age restricted progenitor, the same cell types would be derived from a
given labeled pre-existing parental cell. In contrast, if dedifferentiation
gave rise to multi- or pluripotent progenitor cells, mCherry+ cells
would appear in a variety of cell types thatwere unlabeled before ampu-
tation. If few or nomCherry+ cells were found in the regenerated ﬁn, we
would conclude that the labeled cell type is not amajor contributor to re-
placement tissue.
We amputated Class 1 ﬁns containingmCherry+ epidermal cells and
tracked the fate of these cells and their progeny over a complete time
course of regeneration by ﬂuorescent microscopy. Even 1 day post am-
putation (dpa), mCherry+ cells appeared distal to the amputation site
(Figs. 2A–B*). By 4 dpa, mCherry+ cells were robustly present in the
newly regenerated tissue (Figs. 2C, C*) and at 14 dpa, mCherry+ epider-
mis extended from the amputation site to the distal tip of the newly
regenerated caudal ﬁn (Figs. 2D, D*). Thus, pre-existing epidermal cells
in the ﬁn are a signiﬁcant source of replacement epidermal cells in the
regenerated ﬁn. We did not detect any gross morphological differences
betweenmCherry+ epidermal cells before or after regeneration. Howev-
er, we noticed that labeled epidermal cells typically were widely distrib-
uted along the dorsal–ventral axis at the tip of the ﬁn (Figs. 2A, B and A*,
B*). By 4 dpa, this lateral population of cells was still evident (Figs. 2C,
C*), but by 14 dpa it was no longer detected (Figs. 2D, D*).
We also immunostained sectioned ﬁns containing labeled epider-
mis at 2 dpa to determine whether the blastema contained any cells
derived from the epidermis, including differentiated (p63+) or dedif-
ferentiated (p63−) mCherry+ cells (Figs. 3A–D). No mCherry+ cells
were found in the blastema, suggesting that the epidermal cells ob-
served here do not contribute to this structure (Figs. 3A–D). Addition-
ally, all mCherry+ epidermal cells remained positive for the markerFig. 2. Newly regenerated epidermis is derived from pre-existing epidermal cells. (A–D, A*–
EAB:EGFP-FlEx-mCherry) animal containing Class 1 labeled epidermal cells before amputatio
asterisk represent the region shown at higher magniﬁcation in the panel directly below. (
EGFP+ cells are in green and mCherry+ cells are pseudocolored magenta. The top and botto
The dashed yellow line shows the approximate amputation site and the white arrows poinp63, suggesting that they retained an epithelial fate. Similarly, we
found no evidence to suggest that epidermal cells gave rise to cells ca-
pable of generating replacement osteoblasts since mCherry+ cells in
epidermal mosaic populations were never found localized in the blas-
tema mesenchyme, nor did we observe any mCherry+ epidermal cell
expressing osteoblast markers (Figs. S4A–D).
We expanded on these observations by staining ﬁn tissue from the
same animal with mCherry+ epidermis before (Figs. 3E–H) and 7 dpa
(Figs. 3I–L), at which point regeneration was largely complete. All
mCherry+ cells expressed p63 both before and after amputation, in-
dicating that epidermal cells did not undergo any net change in cell
fate. These results were consistent with our observations on whole
ﬁns in live animals and conﬁrmed that the cells in the ﬁn epidermis
do not change fate after ﬁn amputation or contribute to other lineages
during regeneration. Collectively, these observations supported the
idea that epidermal cells in the caudal ﬁn acquire a highly motile
state during regeneration (Lee et al., 2009; Santos-Ruiz et al., 2002)
but maintain epidermal cell characteristics.
After amputation of ﬁns with labeled Class 4 cells, we observed that
these cells re-established their diffuse localization throughout in the epi-
dermis by 2–4 dpa (Fig. S5). By 14 dpa, the distribution of the putative
macrophages was indistinguishable from their pattern in an uncut ﬁn
(Fig. S5). We did not detect any plasticity of these cells at any point
during regeneration, suggesting they remained lineage-committed. Con-
sistent with this observation, the putative macrophages in Class 4 mo-
saics were uniformly p63− both before and after regeneration (Fig. S6).Intra-ray ﬁbroblasts contribute to blastema cells but do not become
multipotent progenitors of regenerated ﬁn tissue
To test whether any tissue of the regenerated ﬁn was derived from
intra-ray ﬁbroblasts, we amputated Class 2 ﬁns containing mCherry+
cells and followed them over time. At 1 dpa, we detected few
mCherry+ cells beyond the amputation site (Figs. 4B, B*) in marked
contrast to what we observed with cells residing in the epidermis
(Figs. 2B, B*). At 4 dpa and through 14 dpa, mCherry+ intra-ray
ﬁbroblasts-derived cells were widespread components of the newly
regenerated ﬁn ray (Figs. 4C–D*). This indicates that the labeled intra-
ray ﬁbroblasts responded robustly after ﬁn amputation to populate
the intra-ray space in the newly regenerated ﬁn. There was a notable
similarity in the pattern assumed by the mCherry+ cells before amputa-
tion and 14 dpa, with intra-ray ﬁbroblasts remaining spatially restrictedD*) Whole mount epiﬂuorescent images from the caudal ﬁn from a Tg(dusp6:Cre-ERT2,
n (A, A*), 1 dpa (B, B*), 4 dpa (C, C*), and 14 dpa (D, D*). Dashed boxes marked with an
A–D) and (A*–D*) are images acquired at 25× and 120× magniﬁcations, respectively.
m of each panel correspond to the distal and proximal regions of the ﬁn, respectively.
t to epidermal cells found laterally to the starting population.
Fig. 3. Epidermal cells do not contribute to the blastema or change fate during regeneration. (A–L) Longitudinal sections of the caudal ﬁn of Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-
mCherry) Class 1 mosaic animals demonstrating mCherry expression (red, A, E, I) and stained with anti-p63 antibodies to mark epidermal cells (green, B, F, J) and with Hoechst
to mark nuclei (blue, C, G, K). The three-color overlays are shown in (D, H, L). (A–D) mCherry+ epidermal cells in Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry) Class 1 mosaic
animals remain positive for the epidermal maker p63 at 2 dpa. The yellow dashed line marks the approximate amputation site and the white dashed line marks the boundary
between the epidermis and the blastema. (E–L) Stained ﬁn sections from the same Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry) Class 1 mosaic animal prior to amputation (E–H)
and 7 dpa (I–L). White arrows indicate mCherry+/p63+ epidermis.
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noted signiﬁcant differences in the behaviors of Class 1 and Class 2
mosaics during regeneration by observing a single ﬁn that contained
both mCherry+ epidermis and mCherry+ intra-ray ﬁbroblasts in non-
overlapping but nearby ﬁn segments (Fig. S11). At 2 dpa, we observed
themCherry+ epidermal cells throughout the outer layer of the regener-
ated ﬁn in contrast to mCherry+ intra-ray ﬁbroblasts, which were found
only immediately next to the amputation site. This observation supports
the conclusion that epidermal cells uniquely become highly motile im-
mediately after ﬁn amputation (Lee et al., 2009; Santos-Ruiz et al., 2002).
To further monitor the localization and proliferation status of
intra-ray ﬁbroblasts-derived cells during regeneration, we immuno-
stained sections of regenerating Class 2 mosaic ﬁns. 2 dpa, these ﬁnsFig. 4. Intra-ray ﬁbroblasts in regenerated ﬁns are derived from pre-existing intra-ray ﬁbrob
mosaic labeled caudal ﬁn of the same Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry) animal be
marks the zoomed region in the panel directly below. mCherry+ cells are shown in magenta.
line.contained mCherry+ cells embedded in a tenascin C matrix found
throughout the blastema (Figs. 5A–D). Although we detected labeled
intra-ray ﬁbroblasts adjacent to osteoblasts in agreement with an ear-
lier observation (Tu and Johnson, 2011), we never observed
mCherry+ intra-ray ﬁbroblasts becoming zns-5+ osteoblasts or
other non-ﬁbroblast cells (Figs. 5E–H). Anti-PCNA antibody staining
to mark cells in M or S phase of the cell cycle conﬁrmed a high rate
of proliferation of mCherry+ intra-ray ﬁbroblasts-derived cells within
the blastema compared to labeled cells proximal to the amputation
site (Figs. 5I–L). We quantitatively analyzed proliferation of cells in
2 dpa ﬁns stained with anti-PCNA and anti-tenascin C antibodies
(Fig. S7). We determined the percentage of PCNA+ nuclei in three re-
gions (regions I–III) based on their positions relative to thelasts. (A–D, A*–D*) Whole mount epiﬂuorescent images of a Class 2 intra-ray ﬁbroblast
fore amputation (A, A*), 1 dpa (B, B*), 4 dpa (C, C*), and 14 dpa (D, D*). The dashed box
All other cells are EGFP+ (green). The amputation plane is shown with a dashed yellow
345S. Stewart, K. Stankunas / Developmental Biology 365 (2012) 339–349amputation site as well as the presence of tenascin C. Region I cells
were deﬁned as blastema cells found distal to the amputation site
that were localized within tenascin C+ extracellular matrix, region II
was made up of cells also localized in tenascin C+ extracellular matrix
but proximal to the amputation site, and region III cells consisted of
cells further proximal to the amputation site in a ﬁeld lacking detect-
able tenascin C expression. We observed signiﬁcantly higher percent-
ages of PCNA+ nuclei in both region I and region II relative to region
III (Fig. S7), indicating a robust induction of cell proliferation in re-
gions nearest the amputation site.
Osteoblasts undergo partial dedifferentiation, populate the blastema periph-
ery, and remain committed to the osteoblast lineage during ﬁn regeneration
We also used lineage tracing of Class 3 mosaic ﬁns to examine the
fate of osteoblasts during regeneration. As described, prior to amputa-
tion, mCherry+ osteoblasts were directly adjacent to lepidotrichia
(Figs. 6A, A*) and expressed both zn-3 and zns-5 antigens (Figs. 7
and S8). To assess whether the osteoblast lineage contributed to
newly regenerated tissue, we amputated ﬁns containing mCherry+
osteoblasts and followed the progeny of the labeled cells over the
course of regeneration. By 1 dpa, we did not detect labeled osteo-
blasts or derived cells in regenerated tissue (Figs. 6B, B*). This con-
trasted with both epidermal cells and intra-ray ﬁbroblasts (compare
Figs. 6B, B* to 2B, B* and to 4B, B*). However, by 4 dpa we observed
signiﬁcant numbers of labeled cells in the newly regenerated tissue
(Figs. 6C, C*) and by 14 dpa mCherry+ osteoblasts were found along
the entire length of the regenerated ﬁn ray (Figs. 6D, D*). Therefore,
mature osteoblasts existing prior to ﬁn amputation are the primary
source of new bone forming cells in the regenerated ﬁn. Further, as
with ﬁbroblast-derived cells, we observed no “mixing” of labeled
osteoblast-derived cells from one lepidotrichia into neighboring
rays. These observations suggest that the regenerating ﬁn isFig. 5. Intra-ray ﬁbroblasts are a proliferating component of the blastema. (A–L) Longitudin
vested 2 dpa and monitored for mCherry expression (A, E, I, red) and immunostained with
the three-color overlay is shown in each case (D, H, L). (A–D) Cells derived from intra-ray ﬁb
and is immunostained with anti-tenascin C (tenC) antibodies (B, green). The white arrow in
between epidermis and blastema. (E–H) mCherry+ intra-ray ﬁbroblasts do not express mar
antibodies detect osteoblasts (F, green). White arrows indicate mCherry+ cells in the blaste
line indicates the boundary between epidermis and blastema. (I–L) Intra-ray ﬁbroblasts are a
antibodies to detect mCherry+ cells (I, red) and anti-PCNA antibodies to detect proliferating
blastema. The yellow arrow in panel (L) marks an mCherry+/PCNA− intra-ray ﬁbroblast. Tcomposed of numerous self-contained blastema found at the distal
tip of each regenerating lepidotrichia.
We examined the behavior of mCherry+ osteoblasts and their
progeny during regeneration by immunoﬂuorescence of sectioned
Class 3 ﬁns. First, we used zn-3 and zns-5 antibodies to determine
whether expression of these markers was lost in blastema cells de-
rived from osteoblasts. We reasoned that if osteoblasts in the ﬁn de-
differentiate to a multipotent progenitor after ﬁn amputation, they
would lose expression of mature osteoblast markers. However, at
2 dpa, mCherry+ osteoblast-derived cells localized near the amputa-
tion site maintained expression of zn-3 (Figs. 7A–D) or zns-5 (Figs.
S8A–D). Therefore, the mCherry+ cells near the stump at 2 dpa either
remained mature osteoblasts or underwent limited dedifferentiation
to a cellular state that retained expression of both of these
osteoblast-speciﬁc antigens. These results also underscore that cells
derived from mature osteoblasts are bona ﬁde components of the
blastema. Additionally, mCherry+ osteoblast-derived blastema cells
were robustly positive for PCNA (Figs. 7E–H), conﬁrming that
osteoblast-derived blastema cells were proliferating and actively par-
ticipating in regeneration of the lost tissue. Osteoblast-derived blaste-
ma cells were also consistently localized to the periphery of the
blastema adjacent to the basal epidermis, consistent with published
observations (Tu and Johnson, 2011). Since we failed to observe any
other lineage derived from mCherry+ cells in this class of ﬁn after re-
generation (Figs. 7I–P), osteoblasts likely remain committed and con-
tribute only replacement osteoblasts to regenerated tissue.
We hypothesized that even limited dedifferentiation of osteoblasts
would require down-regulation of transcription factors whose function
is required for osteoblast differentiation, such as sp7 (Nakashima et al.,
2002). To investigate this, we amputated ﬁns from a transgenic zebra-
ﬁsh line, Tg(sp7:EGFP). The Tg(sp7:EGFP) transgene includes regions
surrounding the zebraﬁsh sp7 promoter and drives expression of
EGFP in mature caudal ﬁn osteoblasts and in cells near the site ofal sections of Class 2 mosaic ﬁns from Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry) har-
indicated antibodies (B, F, J, green). Nuclei are stained with Hoechst (C, G, K, blue), and
roblasts populate the blastema at 2 dpa. The section shows mCherry expression (A, red)
dicates mCherry+ intra-ray ﬁbroblasts and the white dashed line denotes the boundary
kers for osteoblasts in regenerating tissue. mCherry+ cells are shown in red and zns-5
ma that do not co-localize with zns-5+ osteoblasts (yellow arrow). The white dashed
source of proliferating cells in the blastema. A 2 dpa section co-stained with anti-dsRed
cells (J, green). The white arrows indicate mCherry+/PCNA+ intra-ray ﬁbroblasts in the
he border between epidermis and blastema is marked with a white dashed line.
Fig. 6. Newly regenerated bone is formed by pre-existing osteoblasts. (A–D, A*–D*) Whole mount images of a Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry) Class 3 mosaic caudal ﬁn
containing mCherry labeled osteoblasts before amputation (A, A*), 1 dpa (B, B*), 4 dpa (C, C*), and 14 dpa (D, D*). The dashed box denotes the region magniﬁed in the panel directly
below. All cells are EGFP+ (green), except mCherry+ genetically recombined cells and their descendants (magenta). White arrows mark osteoblasts and yellow arrows denote cells
co-labeled with mCherry+ osteoblasts.
346 S. Stewart, K. Stankunas / Developmental Biology 365 (2012) 339–349amputation in amputated ﬁns (DeLaurier et al., 2010). EGFP expressing
cells in the Tg(sp7:EGFP) animals were uniformly zn-3+ and zns-5+
(Figs. S1E–L). At 2 dpa, we observed robust EGFP expression in cellsFig. 7. Osteoblasts in the caudal ﬁn populate the blastema but remain fate restricted. (A–L)
Class 3 mosaic animals showing mCherry expression in osteoblasts (A, E, I, M, red) and s
(C, G, K, O, blue). The three-color overlays are shown in (D, H, L, P). (A–D) Osteoblasts contrib
with zn-3 antibodies to mark osteoblasts. White arrows indicate mCherry+ cells (red) in the
the amputation site and the dashed white line indicates the epidermis–blastema boundary.
in (A–D) stained with anti-dsRed antibodies to detect mCherry expression (red) and w
mCherry+/PCNA+ intra-ray ﬁbroblasts in the blastema. The border between epidermis an
during regeneration. Stained ﬁn sections from the same Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-
expression is red and anti-zn-3 antibody staining marks osteoblasts in green. The white arrimmediately adjacent to the amputation site of Tg(sp7:EGFP) animals
(Figs. 8A, H, and S9 and S10). These EGFP+ cells remained positive for
both zn-3+ and zns-5+ antigens (Figs. 8B, I and S9 and S10), reinforcingLongitudinal sections of the caudal ﬁn of Tg(dusp6:Cre-ERT2, EAB:EGFP-FlEx-mCherry)
tained with indicated antibodies (B, F, J, N, green) and with Hoechst to mark nuclei
ute to the blastema. A ﬁn section observed for mCherry expression and immunostained
blastema that co-localize with zn-3+ osteoblasts (green). The dashed yellow line marks
(E–H) Osteoblast-derived blastema cells proliferate. A ﬁn section from the same animal
ith anti-PCNA antibodies (green) to mark proliferating cells. White arrows indicate
d blastema is marked with a white dashed line. (I–P) Osteoblasts do not change fate
mCherry) Class 3 mosaic animal prior to amputation (I–L) and 7 dpa (M–P). mCherry
ows mark cells that are both mCherry and zn-3 positive.
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also observed a noticeable reduction in sp7-driven EGFP+ intensity in
osteoblast-derived blastema cells distal to the amputation site (Figs. 8A,
E, and H, L, and S9 and S10). This result suggested that dedifferentiated
osteoblasts downregulate sp7promoter activity as they populate theblas-
tema. To visualize this data graphically, 3-dimensional surface plots were
generatedwith EGFP signal intensities in areas extending from the ampu-
tation site through the blastema plotted on the z-axis relative to the x–y
positions of the cells (Figs. 8E–G, L–N and S9 and S10). Cells with low or
undetectable EGFP levels still maintained high levels of both zn-3 and
zns-5 (Figs. 8B, F, and I,M), showing they retained a partialmolecular sig-
nature characteristic of caudal ﬁn osteoblasts. These results are consistent
with another report (Knopf et al., 2011) and support the idea that
dedifferentiated osteoblasts are a highly organized component of the
regenerating ﬁn blastema.
Discussion
Using a ﬂuorescent cell lineage tracing approach, we tracked the
fate and lineage plasticity of epidermal cells, putative macrophages,
intra-ray ﬁbroblasts, and osteoblasts following caudal ﬁn amputation
in individual zebraﬁsh. We found that each of these pre-existing cell
types contributes to the regenerated ﬁn. While showing signs of de-Fig. 8. Osteoblasts dedifferentiate within the blastema. (A–D, H–K) Longitudinal sections f
White arrows point to EGFP-/zn-3+ (or zns-5+) immature, dedifferentiated osteoblasts an
EGFP signal is shown in green, zn-3+ (B, D), or zns-5+ (I, K) cells are red, and Hoechst-st
white dashed line. (E–G, L–M) Relative signal intensity levels for EGFP (E, L), zn-3 or zns-5 an
the indicated rectangle (thin dashed yellow line) are plotted as a 3-dimensional surface usin
and distal regions relative to the amputation site are indicated. The white dashed line indicdifferentiation, each cell type remains committed to its original iden-
tity throughout the regeneration process. In the case of osteoblasts
and intra-ray ﬁbroblasts, both the axial positions and proportion of
labeled cells are reestablished in the fully regenerated ﬁn. Our results
demonstrate that the progeny of lineage-restricted, dedifferentiated
cells are the major source of new cells in a fully regenerated ﬁn
(Fig. 9), in strong support of recently proposed models (Knopf et al.,
2011; Sousa et al., 2011; Tu and Johnson, 2011). In further concor-
dance with these studies, our results show that ﬁn blastemas are
composed of organized, lineage restricted cells and they are segmen-
tally organized at the distal tip of each amputated ﬁn ray.
In ﬁns containing labeled epidermis, we did not observe any labeled
epidermal cells that were conﬁned to a single layer, arguing that epider-
mal cell layers are of the same lineage. Still, some epidermal cells may
switch between basal and surface epidermal fates; such a transition
would not be detected by the experimental approach described here. Fur-
ther analyses of the epidermal lineage(s) using amarker for the basal epi-
dermis, such as lef1 (Poss et al., 2000), could provide insight intowhether
there exists switching of cell types within the epidermis itself. We were
also struck by the presence of far-lateral epidermal-derived cells in the
ﬁrst few days following amputation. The signiﬁcance of this cell popula-
tion and mechanism behind this phenomenon are not clear, but it is
tempting to speculate that these cellsmay bemigrating to cues generatedrom a Tg(sp7:EGFP) animal 2 dpa stained with zn-3 (A-D) or zns-5 antibodies (H–K).
d yellow arrows point to EGFP+/zn-3+ (or zns-5+) mature, differentiated osteoblasts.
ained nuclei are blue. The border between epidermis and blastema is marked with a
tibody staining (F, M), and Hoechst (G, N). Fluorescence intensity levels (z-axis) within
g ImageJ software. The amputation site is marked with an arrowhead and the proximal
ates the border between epidermis and blastema.
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2009) or bioelectric signals (Levin, 2007; Zhao et al., 2006) to position
them in proximity to promote regeneration.
Given the self-regenerating nature of the zebraﬁsh epidermis (Le
Guellec et al., 2004), it is not clear whether epidermal cells undergo
dedifferentiation during ﬁn regeneration. Our results demonstrate
that epidermal cells do not lose expression of the marker p63, a
gene which functions in epidermal development (Bakkers et al.,
2002; Lee and Kimelman, 2002). In support of epidermal dedifferen-
tiation, epidermal cells acquire the expression of developmental reg-
ulatory genes during regeneration including those of primitive
epidermis, such as keratin-8, (Martorana et al., 2001) and are thought
to provide developmental cues to the underlying blastema (Lee et al.,
2009). Therefore, during regeneration epidermal cells remain com-
mitted to the epidermal lineage (p63+), but likely undergo partial de-
differentiation. We also tracked a non-epithelial cell population that
resided in the epidermis. We identify these cells as putative tissue
macrophages based on the strong resemblance of their localization
to cells expressing the macrophage marker, l-plastin, in the ﬁn
under normal and regenerating conditions (Yoshinari et al., 2009).
We do not know if these putative macrophages undergo dedifferenti-
ation but our data indicate they do not switch lineages.
Our approach also allowed us to unambiguously identify the line-
ages of two distinct types of caudal ﬁn blastema cells. Our results con-
clusively demonstrate that cells derived from mature intra-ray
ﬁbroblasts and osteoblasts take up residency in the blastema after
ﬁn amputation. Notably, we found that no cells derived from the epi-
dermal layers in the blastema, indicating that they, or cells derived
from them, remain spatially restricted in the epidermis throughout
regeneration. It is likely that additional cell lineages contribute to
the blastema that were not labeled by Tg(dusp6:Cre-ERT2, EAB:EGFP-
FlEx-mCherry) transgene, highlighting the need for additional condi-
tional Cre transgenic lines. In addition to being developmentally re-
stricted, intra-ray ﬁbroblasts and osteoblasts are also spatially
restricted. zn-3+ or zns-5+ cells reside only adjacent to the basal epi-
dermal layer demonstrating an otherwise unapparent organization of
resident blastema cells. This result also implies that regeneration-
directing signals, such as FGFs (Lee et al., 2005, 2009), originating
from basal epidermal cells may be received by neighboring
osteoblast-derived cells (Fig. 9). Finally, we failed to observe “con-
tamination” of labeled cells in tissue of adjacent rays. This suggests
that, in the case of the zebraﬁsh caudal ﬁn, there is a collection of in-
dividual blastemas at the distal end of each amputated ray that regen-
erate simultaneously but largely independent of one another.Fig. 9. A restricted cell lineage model for ﬁn regeneration. During homeostasis, the caudal
state”. Fin amputation initiates wound healing by a motile epidermis and results in the con
ferentiation. Transition state cells, including those derived from osteoblasts and intra-ray ﬁb
growth and re-differentiation. The newly regenerated tissue is derived from transition state
as the ﬁn reforms.Our lineage tracking studies of osteoblasts in the regenerating ﬁn
allowedus to observemolecular evidence for osteoblast dedifferentiation.
Given that all zn-3 and zns-5 expressing cells in the blastema were de-
rived from mature sp7+ osteoblasts, and that sub-populations of zn-3+/
zns-5+ cells near the amputation site exhibited reduced sp7-driven
EGFP expression (Figs. 6E, L), we conclude that these sub-populations
represent partially dedifferentiated osteoblasts. Therefore, both zn-3 and
zns-5 antigens are expressed by dedifferentiated (immature) and differ-
entiated (mature) osteoblasts, whereas sp7 is only expressed by fully
differentiated osteoblasts. It remains to be determined if zn-3 or zns-5
expression is maintained in all osteoblast-derived cells of the blastema
as somemaybecome further dedifferentiated and lose zn-3/zns-5 expres-
sion. Overall, these results argue that osteoblasts dedifferentiate to
an osteoblast-like transition state, proliferate within the blastema, and
eventually redifferentiate only to replacement bone cells (Fig. 9). The
transcription regulators runx2 and sp7 coordinate osteogenesis in a se-
quential manner in mice (Karsenty et al., 2009) and dynamic patterns
of expression have been observed for both runx2 and sp7 in the regener-
ating ﬁn (Brown et al., 2009; Knopf et al., 2011; Sousa et al., 2011). There-
fore, it will be of interest to determine whether dedifferentiation or
redifferentiation of osteoblast-derived cells in the blastema is also a hier-
archical process with respect to runx2 and sp7 and other regulators of the
osteoblast lineage.
Our studies agree with those of others (Knopf et al., 2011; Sousa
et al., 2011; Tu and Johnson, 2011) and support a model where limited
dedifferentiation of cells in damaged tissue is sufﬁcient to provide a
source of cells for the regenerated zebraﬁsh caudal ﬁn. Conceivably,
dedifferentiated progenitor-like cells generated after injury are more
receptive to signals from neighboring cells and their environment,
endowing them with robust proliferative and migratory properties
compared to their differentiated precursors. Regeneration of damaged
myocardium in the zebraﬁsh also is mediated by limited dedifferentia-
tion (Jopling et al., 2010; Kikuchi et al., 2010). Thus, the constituent cells
of all regenerating zebraﬁsh organsmay share uncharacterizedmolecular
mechanisms that direct dedifferentiation. Given that robust epigenetic
changes occur during regeneration (Katsuyama and Paro, 2011; Stewart
et al., 2009; Yakushiji et al., 2007) and upon derivation of fully dedifferen-
tiated induced pluripotent stem (iPS) cells (Hochedlinger and Plath,
2009), studies of how chromatin mechanisms facilitate regenerative de-
differentiation are particularly attractive.
A corollary of the limited dedifferentiationmodel is that regeneration
of complex vertebrate tissues and structures does not require pluripotent
cells. Eventually, recapitulating similar mechanisms to coerce human
cells to undergo limited reprogramming in vivo could prove an effectiveﬁn is composed of various lineage restricted differentiated cells existing in a “ground
version of ground state cells to “transition state” cells by the process of limited dedif-
roblasts, contribute to an organized proliferating regenerative blastema capable of out-
cells that differentiate into cells only of the same lineage, returning to their ground state
349S. Stewart, K. Stankunas / Developmental Biology 365 (2012) 339–349alternative to using pluripotent stem cells for regenerative medicine
(Graf and Enver, 2009; Zhou et al., 2008). Continued progress under-
standing the cellular and molecular mechanisms underlying dedifferen-
tiation during epimorphic regeneration will facilitate such approaches.
Supplementary materials related to this article can be found
online at doi:10.1016/j.ydbio.2012.02.031.
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